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, ThiB invention relates to a method ana apparatus for 
4 meaBU.ring intraco^partmental pH, and especially but 
not «=cclusively to a.easuring intracompartmental and 
intramuscular pH for the diagnosis of ischaemia. and 
especially Acute Corpartment Syndrome. 

isch^emia is the raduLCtion or cessation of blood 
flow to various parts of the body, leading to an 
insufficiency in loc^l availability oE the oxygen 
and metabolites noma.lly carried by ttae blood. 
Isch^e,»ia can arise locally fron e.g. bone fractures 
causJ-ng local swellirrg in a limb whidra increases the 
distances between the cells and the airteries, 
thereby decreasing tlxe effectiveness of the delivery 
of the oxygen and the metabolites froaa the blood. 
At the same time, the blood vessels a>=e coi^ressed 
due t.o the swelling, further reducing their capacity 
to deliver the nutrients and oxygen. Surgery also 
invoxves a risk of ischaemia, when blood vessels are 
seve:..ed during the procedure, either cSeliberately 
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during the transplarxt of a free flap, or 
accdL dentally during the cutting procedrure, 
Ischtaemia can also arise chronically. Ischaemia can 
also arise from tra\xma at a remote site of the body. 
For example, a limb can become ischaemLic when the 
blood flow is diverted from the limb back to the 
trunk of the body in response to centiral organ 
dysfunction or abdominal infection that could be 
remote from the site of ischaemia. 

Therre are various kinds of ischaemia a-xid among these 
Acute compartment syndrome (ACS) is a surgical 
emergency which if not recognised early may lead to 
criE^pling deformities, loss of limb or- even death. 

Compartment syndrome has been defined as ^^a 
'conciition in which increased pressure within a 
limited space compromises the circulation and 
fxinction of tissues in that space"^. I-t is most 
commonly seen following injuries of thte leg but may 
also occur in the UE>per limb, and foil. owing 
isctaaemic re-perfusion injuries and bixms. 
Furthermore, sub-clinical compartment syndromes have 
occurred following areaming of the media.llary canal in 
the nailing of long bone fractures^. Early 
diagnosis and prompt surgical intervention is 
essential to avoid the complications which .may 
ensxie. These include neurological deficit, muscle 
necarosis, acute renal failure, amputation and loss 
of life. Currently, the diagnosis of acute 
conxi)artment syndrome is based on clinical assessment 
and intra- compartment al (IC) pressure monitoring. 
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1 Extreme pain exa.c:erbated by passive stretching of 

2 thte muscles in tixe compartment and. paraesthesia aire 

3 thte most reliable signs , but may only become 

4 apparent in the 3.ater stages of acute compartment 

5 . syndrome, and are not reliable in the unconscious, 

6 neurologically impaired or paediat ric patient. In. 

7 thiese circumstances invasive methods of monitoring* 

8 . IC pressure are therefore deemed e^ssential^. 
9 

10 Compartment pressure monitoring ha_s been advocateci 

11 since 1975*. There are a number orf pressure 

12 monitors availabl.e but most rely on a column of 

13 fluid leading to inaccuracies. 
14 

15 Tlae invention also provides a metti_od of determinirxg 

16 tlie presence or severity of ischa&mia in a tissue, 

17 tl:ie method comprl-sing the steps of inserting a pH 

18 sensor into the tiiissue, and measur-ing the 

19 iratracompartmental pH in the tissvte. 
20 

21 Typically the tissue is muscle. 
22 

23 Typically, the method is used in the diagnosis of 

24 Acute Compartment Syndrome. Typicrally, the acute 

25 compartment syndacrome is caused by a fractured limb. 
26 

27 The pH of muscle is a good indicator of its 

28 metabolic state -with a normal physiological range of 

29 6 . 95 to 7.2^. As the pressure in the compartment 

30 increases, blood flow ceases and Lactic acid builc3s 

31 u.x>/ reducing the pH. By using a method of observing 

32 the changing pH of skeletal muscle tissue, it is 
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1 possible to identify muscle whioh is at risk of 

2 irreversible damage prior to the development of 

3 clinical signs. 
4 

5 A second probe may also be provd.ded to measure the 

6 intracompartmental pressure; the pH and pressur-e 

7 measurements can be used in conjunction to prov-ide a 

8 diagnosis . 
9 

10 Preferably, the or each sensor rLs mounted on a 

11 respective catheter. Preferabl^y, the or each 

12 catheter is inserted into the muscle through a 

13 respective canmala. 
14 

15 Preferably, the or each cannula is inserted infco 

16 skeletal muscle in an orientation that is generrally 

17 parallel to the muscle fibres. Preferably, the or 

18 each cannula is inserted into tZhe muscle adjacent 

19 to, but not coTomxini eating with, the fracture si^te. 
20 

21 Preferably, the^ or each sensor is monitored 

22 continuously for at least 24 ho-urs . 
23 

24 Preferably, the reading from th-e or each sensorr is 

25 compared with a calibrated scale to determine fche 

26 extent of muscl^e damage. Typically, the readirig 

27 from the or each sensor is used to determine ttie 

28 appropriate treatment, e.g., a fasciotomy. If the 

29 damage is caughtt early enough, a fasciotomy ma^ be 

30 avoidable and intermittent pneijimatic compressicDn 

31 treatment or ot^her conservative treatments may be 

32 sufficient. 
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2 According to a second aspect of the present 

3 invention, thtere is provided apparatus for 

4 determining the presence or severity of ischa-emia, 

5 the apparatus including a pH sensor adapted to be 

6 inserted into a muscle. 
7 

S Preferably, the apparatus is suitable for use in 

9 providing information concerndLng soft tissue, 

10 physiological- changes and patliological conditions, 

11 such as septicaemia, pancreatitis and other fc>lood 

12 disorders and conditions • Potref erably, the 

13 apparatus is suitable for use in the diagnosi_s of 

14 Acute Compartment Syndrome. 
15 

16 Preferably, the pH sensor is mounted on a catheter. 

1'7 Typically, tki-e catheter is glass-tipped. 

15 Preferably, the glass is duralole, heat -strengthened 
±^ and fracture— proof • 

20 

21 Alternatively, the catheter is antimony -tipped. 
22 

23 The pH sensorr and the pressure sensor can be mounted 

24 on the same catheter. 
25 

2e Optionally, the apparatus also includes a pressure 

2 "7 sensor. Optionally, the pH sensor is connected to a 

2 8 pH recorder • Preferably, the pressure sensoarr is 

2 9 connected to a pressure monitoring system. 

3 O 

3 1 Typically, ttae pressure sensor is mounted on a 

3 2 second catheter. Altemative^ly/ both the pH sensor 
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1 and the pressure sensor axre mounted on the same 

2 catheter. In this case, tr.he pressure sensor and the 

3 pH sensor are preferably connected to the same 

4 monitoring system, which monitors and records both 
. 5 pressure and pH. 

6 

7 Optionally, two or more pH sensors are provided. 

8 Optionally, two or more pressure sensors axre 

9 provided. 
10 

11 According to a third aspec^t of the present 

12 invention, there is provided the use of a jpH sensor 

13 device for the deterTiiinat±on of the presence or the 

14 severity of ischaemia cuad typically Acute 

15 Compartment Syndrome. 
16 

17 According to a fourth aspect of the present 

18 invention, there is provided a pH sensor device 

19 adapted to diagnose ischaemia, and typicality Acute 

20 Compartment Syndrome. 
21 

22 The invention also provides a method of de terroining 

23 information concerning the condition of soft tissue, 

24 the method, comprising the steps of insertixig a pH 

25 sensor into the soft tissxie and measuring the pH in 

26 the tissue . 
27 

28 According to the present invention, there is also 

29 provided a method of measiaring intracompairtmental 

30 pH, including the step of inserting a pH sensor 

31 directly i-nto a muscle. 
32 
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The mettaod can be used to provide information about 
ischaemia arising from ILocalised damage ^nd remote 
trauma a.like, as the pH measurement gives an 
accurate information about localised iscliaemia, 
thereby allowing the method to be used for providing 
informatiion about ischaemia arising from a wide 
variety of different cavises. 

An embociiment of the in-vention will now lae described 
by way of example only s.nd with reference to the 
following drawings, in -which: - 

Fig 1 shows a side view of a cathet er with a pH 
mor:iitor moiinted thereon; 

Pig 2 shows a partial cross-section of a 
fractured limb, in-to which catheters with 
sensors are inserted; 

Fig 3a shows a gra-^ph of pH as a fun.ctlon of 
tirne for example 1 during tourniquet inflation; 
Fig 3b shows a gra-^ph of the mean pHI changes 
from the Fig 3a gr-a.ph; 

Fig 4a shows a gra.ph of pH as a fuixction of 
tixne for example a_ following release of 
to-u.imiquet ; 

Fig 4b shows a gra.ph of the mean pHE changes 
from the Fig 4a gr-aph; 

Pig 5 shows a gra.-£>ix of pH and pressure as 
fTj-xictions of time for a patient witih Acute 
Compartment Syndrome ; 

Fd-g 6 shows a grap>li of pH and pressure as 
f line t ions of time for a patient who did not 
have Acute Compartment Syndrome; 
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1 Fig 7 shows a graph of pH and delta pressure 

2 (diastolic blood pressure minus XC pressure) as 

3 f -unctions of time for the patient of Fig 5; 

4 Pig 8 shows a graph of pH and deltsa pressure 

5 (diastolic blood pressure minus IC pressure) as 

6 functions of tims for the patient of Fig 6; 

7 Fig 9 shows a graph of pH against time for 

8 example 1 upon ir:iflation of the tourniquet ; 

9 Fig 10 shows a graph of pH against^ time for 

10 e^cample 1 upon deflation of the tourniquet; 

11 Fig 11 shows a gxraph of ICP against time for 

12 example 4 ; 

13 Fig 12 shows a graph of delta pressure against 

14 time for example 4; 

15 Fig 13 shows a graph of pH againstz: time for 

16 example 4; 

17 Fig 14 shows a graph of ICP against time for 

18 the patients of example 4 undergod^ng 

19 ±ntramedullary nailing; 

20 Fig 15 shows a graph of delta pressure against 

21 time for the patients of example -4 undergoing 

22 intramedullary nailing; 

23 Fig 16 shows a graph of ICP against time for 

24 the patients of example 4 undergo ing 

25 intramedullary n.3.iling, showing r^esults for 

26 patients with ACS and for those without ACS ; 

27 Fig 17 shows a g-raph of pH agains t time for the 

28 jpatients of exam.ple 4 undergoing intramedullary 

29 nailing, for patients with ACS ari-d for those 

30 without ACS; 
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Fig 18 shows a. graph of ICP and pH against the 
time of certain events of fascicatomies for 
patients of example 4; 

Fig 19 shows a graph of ICP against time for 
the full group of patients in example 4, 
showing results for both patientrs with ACS and" 
without ACS; 

Fig 2 0 shows a graph of delta paressure against 
time for the f-ull group of patients in example 
4, showing res-ults for both patrLents with ACS 
and without ACS; 

Fig 21 shows a graph of pH against time for thfe 
full group of i)atients in exampILe 4 , showing 
results for both patients with ^CS and without 
ACS ; 

Fig 22 shows a ROC curve for pH for the 
patients of escample 4; 

Fig 23 shows sl ROC cu3rve for Id> for the 
patients of e^cample 4 ; 

Fig 24 shows sl ROC curve for delLta pressure forr 
the patients of example 4; 

Fig 25 shows at ROC cuarve for ixixtial ICP for 
the patients of example 4; 

Fig 26 shows a. ROC curve for initial delta 
pressure for the patients of ex:ample 4; 
Fig 27 shows a ROC curve for inuitial pH for the 
patients of es^ample 4; 

Fig 28 shows a. graph of pH decl ine over time 
during muscle ischaemia; 

Fig 29 shows sl graph of G6P decline over time ' 
during muscle ischaemia; 
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Fig 3 0 shows a graph of lactate concent ration 
increase o-ver time during ttiuscle ischaemia; 
Fig 31 sho-ws a graph of pyr-uvate concentrat d.on 
decline over time during tmxscle ischaemia; 
Pig 32 shoves a plot of intr-amuscular (measuored) 
pH values against calculated pH values; 
Fig 33 sho'ws a measurement cif agreement cur-ve 
of the Pig 32 data; 

Figs 34, 3 5 show graphs of the decline in A.TP 
and PCr respectively over time during muscl « 
ischaemia ; 

Pigs 36 and 3 7 show graphs of muscle pH 
measured In a patient with acute on chronic 
ischaemia; and 

Fig 3 8 shows similar data Eor another patient 
with chrorxic ischaemia. 

Pig 1 shows a sterile 1.5mm glass-tipped (Mettier 
Toledo) catheter 1 (made of durable, heat- 
strengthened, fracture -proof glass) . A pH sensor 
probe 5 is mounted on the tip o£ the catheter 1. 

A glass pH cathieter was chosen specifically for this 
study as these catheters have been shown to maintain 
a high accuracy of muscle pH recordings, with very 
little drift o-ver time. They have no recorded i_ll 
effects and are easily sterilised to surgical 
standards as described below. 

Fig 2 shows a Eiortion of a lowerr leg of a patierut 
into which is ±nserted the catheter 1 of Fig 1 . The 
catheter is inserted into skeletal muscle in the 
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1 proximity of a fracture in tihe patient's tibi^. The 

2 catheter 1 is connected to a pH recorder 10 vdLa a 

3 sterilised adapter cable 15 . A suitable pH recorder 

4 is the Plexilog 2010 dual-cha.nnel pH recordear 

5 (Oakf ield instruments) , which, permits continuous 

6 monitoring of intracompartmexital (IC) pH, acciarate 

7 to one decimal place, at intervals of one second. 

8 The monitor also typically has a marker facility 

9 built in to allow events to l>e registered during the 
1.0 recording tirne. 

1-1 

3-2 Fig 2 also sliows a second ca.theter 2 connectecS to a 

X3 pressure monitoring system LI, which is used to 

X4 continuously monitor IC pressure. A suitable system 

15 is the Kodiag mobile pressur-e monitoring system (B 

X6 Braun) , whicli allows more acz curate monitoring of 

17 pressure compared with other- available devices^, and 

□-8 is also easy to use and sterrilise. The Kodiag 

IL9 monitoring system consists of a probe with a steel 

2 0 encased tip, which converts the pressure signal to 

21 an electrically useable signal, and is attached via 

22 an extension, cable to the Kodiag measuring unrit 

23 which then evaluates- and displays the measureci 

24 values. This system is capab^le of measuring pzressure 

25 within a range of 0 to 199 trmHg, accurate to 1 

26 mmHg. 
27 

28 General Metliods 

29 The pH unit is calibrated patrior to each use. The 

3 0 unit has a calibration procedure built in whi ch uses 

31 pH buffers of 7,0 and 1.1 to ensure that accii-rate 

32 readings are obtained with each individual. 
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circuit is created with thre unit, the cathefcer, and 
the patient using an exterrnal reference electrode 
(ECG pad) and each buffer in turn. Followincf each 
patient's study, this circuit is re-created using 
the 7 . 0 buf f er to obtain reading, and thexref ore 
the value of any drift that has occurred duaring 
recording. 

The pH probe and cable are sterilised to suargical 
standards, i.e. using a Taristel sterilisaticDn bath. 
Further details of appropariate sterilisation 
procedures are given in ttie examples below. 

The pressur-e probe is steirilised to surgicaU 
standards a.s per Kodiag iri-struction manual -using 
steam steri. lisation to a nnaximum temperatur«e of 



The pH and pressure monitors are placed in the 
muscle through anaesthetised, surgically sterile 
skin. The catheters 1, 2 are inserted, typically 
through 14 gauge Adsyte intravenous cannula s placed 
generally parallel to the muscle fibres, an<i 
adjacent to each other, into the muscle com.3>artment 
adjacent to, but not commumi eating with, th.e 
fracture site. The catheters should be inserted at 
a safe site, away from the position of impending 
incisions. The angle of insertion is typically 
approximately 30° to the skin. 

If the apparatus is being- used to diagnose suspected 
acute con^artment syndrome caused by a tibd_al shaft 
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fracture , the probes are typically insertied into the 
anterior- compartment of the lower leg. For a 
femoral shaft fracture, the probes are tvpically 
inserted, into the lateral portion of the anterior 
compartment of the thigh . 

Upon penetration of the fascia in a distal 
direction, the catheter Is levelled out and further 
advanced to its limit. The needle is then removed 
and the probe inserted tlirough the lumen of the 
plastic sheath to a distance of approximately 1 cm 
beyond the tip of the sheath into the muscle belly. 
The prot>e and cannula arei then typically secured 
with a clear adhesive dressing. The external 
reference electrode is tlien connected to the 
patient' s limb, and both the pH probe ancS. the 
external reference cable are then connectzed to the 
monitor and record mode 2 selected, at a desired 
measurement rate . 

Optionally, other parame ters may be measured 
simultaneously, for exantple blood pressuare, oxygen 
saturation and end tidal carbon dioxide. Suitable 
recording devices for th-ese parameters include the 
Critikon Dynamap 1846 SXl, the Ohraeda Bio3c 3740 pulse 
oximetear, and the Captro^nic Ultra ETC02 monitor 
respect ± vely . 

These parameters are mea.sured at a desired interval, 
for example every five minutes • The blo-od pressure 
measurements allow '"delt^a pressure" to be calculated 
(diastolic blood pressurre minus IC press-iare) . A 
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1 sustained delta pressuirre value, of SOnunHg or less is 

2 currently the most f recguently used indi cat or for 



4 

5 Intracompartmental pressure and pH are recorded 

6 continuously for at least 24 hours post -injury or 

7 for longer as clinically indicated. Th_e marker 

8 facility is used as re<3uired, to record, individual 

9 events during the reconrding time. 
10 

11 Following the completion of the measureitnents , both 

12 probes are removed, pr^essure applied to the puncture 

13 sites ^ and a small gau.ze dressing appli.ed to the 

14 punctu.3re woxinds . Each, probe is then wi.ped clean 

15 with a. damp cloth read-y for calibration.. A post- 

16 record.±ng calibration is then undertaken, which is 

17 identical to the calit>ration procedure prior to use. 
18 

19 The information colleczted is then downloaded into a 

20 software package, for example, the Fle2s:isoft III 

21 software package, and the recorder's memory is then 

22 cleared, ready for future use. 
23 

24 After 25 uses, each pressure probe is returned to 

25 the manufacturers for recalibration, as recommended 

26 by the manufacturers. 
27 

28 Exampl-e 1 

29 The aims of this exam]g>le were to demonstrate the 

30 ability of the pH monitor to record intramuscular pH 

31 in a situation of changing acidity resulting from 



3 



surgical intervention^ • 
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1 tourniquet ischaemia , and the suitaloility and ease 

2 of use of the pH recorder in human skeletal muscle. 
3 

4 Over: a period of fiv^ months, patients admitted to 

5 the elective orthopaedic \init of a local hospital 

6 were invited to participate. These comprised two 

7 groups, viz. : 

8 1. elective knee artlnroscopy (27) 

9 2- elective total knee replacement surgery (12) 
10 

11 The pH monitor was calibrated on eaoh patient in thfe 

12 warci prior to arrival in theatre. 
13 

14 The pH probe and cat>le were sterilised to surgical 

15 standards in a Trist el 700 sterilisation bath. Five 

16 litares of Tristel 70 0 was mixed witla SOOmls of 

17 activator in a sterd-lising bath once a week. When 

18 req[iaired, the probe was fully submerged in the bath 

19 for 10 minutes, as irecommended in tlie Tristel 

20 guidelines. It was tnhen rinsed in sterile water, an<a 

21 placed on a prepareci sterile trolley ready for use. 
22 

23 Once general (or spi-nal) anaesthesia had been 

24 ind.-uced, a tourniquet was placed on. the appropriate 

25 thigh (but not inflated) , an exterixal reference 

26 electrode was placecS. on the lateral thigh of the 

27 operative leg, and tihe surgical sit-e was prepared 

28 ancL draped in a routiine fashion. 
29 

30 The pH probe was inserted into the mid-portion of 

31 tibialis anterior o£ the appropriate leg, 

32 approximately 5cm below and l-2cm Lateral to the 
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1 tibial tiibercle . The pxobe was then connected -to 

2 the Flexilog recorder and an interval of one se<:2ond 

3 per measurement was selected. An initial end t ddal 

4 carbon dioxide level was noted at this point (pirior 

5 to tourniquet inflation) for tine patients havin^r a 

6 general anaestlxetic. The leg VAras then elevated for 

7 three minutes and the tourniquet was subsequent ILy 

8 inflated to 250 -SOOmmHg ; the marker facility was 

9 used to mark thte inflation of tuhe tournicjuet . IBlood 

10 pressure, oxygen saturation ancd pH were then 

11 recorded at intervals of 5 miniates during the 

12 surgery. 
13 

14 After all of tlae measurements laad been taken, 

15 tourniquet was deflated. The marker facility 

16 used to mark tlae deflation of "the tourniquet. 

17 probe remained in situ for 20 rninutes after 

18 arthroscopy (A>c) and 30 minutes after knee 

19 replacement (TKR) after touin^icjuet deflation, 

20 which time the muscle pH, bloo<i pressure and 

21 peripheral oxygen saturation continued to be 

22 recorded at 5 -minute intervals • 
23 

24 Following the end of recording and removal of t-he 

25 probe from each patient, the probe was checked to 
2S detect any drift in the systemL that had occurred 
2T during recording. This involved creating a circr^uit 
2S by the placement of the probe and the patient's 
2^ finger in the "7.0 buffer, with, the external 
30 reference electrode still coruxected to the thigh, 
31- and noting the recorded value at 1 minute. 
32 
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1 Example 2 

2 A 26 year oILd male was admi tted to the Intensive 

3 Therapy Unit following a road traffic accident, with 

4 generalised, cerebral swelling and a closed fnracture 

5 of his righ-t tibia and f ibuLla (Tscheme C3) . Intra- 

6 compartment al monitoring of pH, ICP and moni-toring 

7 of diastolio blood pressure within the right 

8 tibialis anterior began 11 hours post injury prior 

9 to transfer to theatre for intramedullary nailing. 

10 Clinically, the leg appeared very swollen an<a tight, 

11 but no subj ective data was available as he w^s 

12 ventilated and sedated for his head injury. 

13 Following intramedullary nailing of the tibi al 

14 fracture, ooncern was raised as to the presence of 

15 ACS, and ICP monitoring ha<3 revealed a delta. 

16 pressure (diastolic blood pressure - ICP) of 30 or 

17 less prior to, and throughc=>ut his surgery (current 

18 guideline £or diagnosis of ACS) . Full four 

19 compartment fasciotomies were performed and bulging, 

20 boggy muscl_e was revealed, with some dark arreas of 

21 muscle suggesting ischaemia. On return to theatre 

22 48 hours later, the muscle appeared healthy, several 

23 small open biopsies were taken, and the wounds were 

24 closed witti split skin grarfts. Clinically fcie had no 

25 residual s±gns or symptoms attributable to ACS at 

26 his 8 week follow up appoixitment . 
27 

28 Example 3 

29 A 19 year old male sustained an open fractuinre of the 
3 0 left tibial shaft (Gustilo I) when he was knocked 

31 off his pedal bike. Monitoring of muscle pEi, ICP 

32 and diastolic blood pressu^re commenced in tiaeatre 
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following anaesthesia snd wovmd debridement 
following the method described above, to maintain 
steriXity. 

ExetmpILe 4 

Over approximately six months, patients admitted to 
a local hospital, with a fracture involving the 
diaphysis of the tibia or femur, a crusti injury, or 
a susEsected compartmen.-t syndrome at any anatomical 
site, were invited to take part in this study. All 
patients suffering froxn the above injurd.es during 
the study period were approached to take part, 
sxjbject to fulfilling ethical entry criteria. 
Subjects vmderwent int 3ra - compartmental monitoring of 
pressure and muscle pH for up to 48 houars . In 
addit±on, muscle biops ies were obtained from those 
patiexats having a surg^ ical procedure uncier general 
anaesthesia. Information pertaining to E>atient 
deinog3raphics, current injury, and relevant past 
medical history was collected from theiar casualty 
cards , medical notes a.iid radiological 
investigations . 

The tarauma group inclvLded 61 patients acimitted to 
the ox-thopaedic unit /intensive care uni-t, suffering 
from one or more of tlxe following injuries: 

1. Tik>ial shaft fractunres 

2. Long bone fractures of the lower linnb requiring 
intramedullary naild.ng 

3 . Aciate compartment s^mdrome , at any anatomical 
site, diagnosed by the patient's medical team 
with currently acce;pted methods 
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1 4 . Crush injiiiries 
2 

3 As the admission of trauma pa-tients is not as 

4 predictable a.s elective admissions, and cold 

5 sterilising techniques were nLOt regularly usecd in 

6 the trauma tkieatre, the pH pr^obe and cable weare 

7 sterilised irx a Tristel One Day concentrate bath. 

8 On each occasion requiring the use of the 

9 sterilisant, 25rals of each l±<iuid were mixed with 
3_0 950ml of plai-n tap water. A tiester kit was used to 
3_1 ensure an effective sterilisanat was produced and the 
3-2 probe was submerged for the recommended 5 minutes. 

1.3 The solution was then discarded after only one use, 

1.4 . . 

3-5 The pH and paressure probes wenre inserted into the 

1-6 appropriate muscle compartmen-t within 5cm of, but 

3-7 not communicating with, the firacture site / within 

3-8 the site of the crush injury. If the probes were 

3- 9 placed prior to fracture fixation, they were 

2 0 inserted witlxin a long sterile plastic bag, tcD 

2 1 ensure contirxuing sterility oif the wider surgi-cal 

2 2 field during the ensuing procedure. The Flexi_log 

2 3 system was set up to record pK at six second 

2 4 intervals to allow recording to continue for uip to 

2 5 96 hours . 
2 6 

2 7 The probes were introduced paarallel to each otnher in 

2 8 adjacent sites within the same fascial compartument : 

2 9 the anterior compartment of ttie lower leg for tibial 

3 0 fractures; th.e lateral compartment of thigh for 
3 1 femoral fractures, and the apE>ropriate site fc^r 

3 2 suspected compartment syndromes at other anatomical 
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1 regions ^ In those patiertts who were not undergoing a 

2 general anaesthetic in the next few hours, a local 

3 anaesthetic used to anaesthetise the skirx alone was 

4 used at the site of canixula entry. Once compartment 

5 monitor ±ng commenced, tlxe ICP, muscle pH, blood 

6 pressure and peripheral oxygen saturation were 

7 recordeca at 5 minute intervals during surrgery, then 

8 hourly for the duration of the study. Forr those 

9 patients treated with a Plaster of Paris cast, the 

10 probes were inserted uncier local anaesthetic (as 

11 above) , prior to the application of a full leg cast, 

12 and a window was createci in the plaster c=>ver the 

13 probe s±te to allow removal of the probes upon 

14 completion of the studies. 
15 

16 For those with tibial and femoral, shaft fractures 

17 treated, with intramedullary nails, a further 

18 protocol was introduced during the operation. The 

19 marker facility was used to mark those events during 

20 surgery which were related to fracture fixation and 

21 f asciotomies . All parameters were recorcded on the 

22 patient ' s chart at the following points : 

23 1 . Pre -anaesthetic 

24 2. Pes t- anaesthetic 

25 3.Tra.ction application 

26 4.Gui<iewire insertion 

27 5 . Reatning of the medullary canal 

28 6 . Intramedullary nail insertion 

29 7. Post nail insertion 

30 8. Fracture impaction 

31 9 . Poet -traction release 

32 10. Recovery room 
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1 For those patients suspected clinically^ of having a 

2 compartment syndrome and taken to theat^re for 

3 fasciotomies, the mariner facility was lased to mark 

4 the. following events: 

5 1. Indxaction of anaestlietic 

6 2 . Appropriate skin arxd fascial incisioixs 

7 3. Decompress ion. .of eatch compartment (4 ) 

8 4 . Recovery 
9 

10 Blood pressure and peacipheral oxygen saturation were 

11 monit0 3red. During anaesthetic time using an 

12 endotracheal tiibe or ILaryngeal mask, tine patient's 

13 end tidal carbon dioxide (ET CO2) was r-ecorded. 
14 

15 During- their stay in tiospital, all of t::he patients 

16 were regularly assessed clinically for evidence of 

17 pain on passive stretch, muscle weakness and sensory 

18 changes in the injurecd limb to identifv' the presence 

19 of a developing acute compartment syndarome. In 

20 addition, all of the . E^atients who undexrwent 

21 fasciotomies for suspected compartment syndrome, had 

22 a clirLical intra-operative assessment of muscle 

23 damage performed and ^recorded. This included 

24 visualisation of the state of the muscILe within the 

25 compartment as the fascia was incised, with colour, 

26 obvioio-s bulging, oedexna, necrosis and muscle twitch 

27 response recorded appropriately. 
28 

29 ExampILe 5 

30 ■ This example examines an ischaemic mamrnalian muscle 

31 model, to review and compare the xrnder Hying 

32 biochemistry, immunocytochemistry , and 
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a histochetnistory of muscle isctaaemia to muscle pH 

2 measurements^ to verify the i-nt ramus cular (IIM) pH 

3 readings, axt<3L to identify ^^ciritical pH" levelLs for 

4 skeletal musole, beyond whichi point irreversd.ble 

5 tissue damage occurs. 
6 

7 Methods for example 5 ; 

8 Male rats we are sacrificed thrrough stunning and neck 

9 fracture and. Ischaemia time was noted. They were 

10 placed in an incubator, maint::ained at 37°C. The 

11 quadriceps f emoris muscle was exposed atraumatically 

12 and a 1,5mm diameter, glass tzipped, single claannel 

13 pH catheter (Ml . 5 ; M.I.C, France), connected to a 

14 2020 Flexilog pH monitor (OaPcfield Instrumen-tzs, UK) 

15 was employed, to monitor muscl-e pH, This sys-tem 

16 required an Ag/AgCl external reference probe . 

17 Before and a-fter use the mondLtor was calibra"ted at 

18 pH 1.1 and pH 7, and drift was found to be minimal, 

19 The pH catheter was cleaned between usages with an 
2 0 alcohol-based solution^ and E^rior to use was 

21 thoroughly irrigated with saline. Following 

2 2 exposure of the quadratis f emoris muscle, th^ pH 

2 3 catheter, tlxrough a 12 gauge cannula and the 

2 4 external reference probe were inserted into the 

2 5 exposed muscle belly. At predetermined pH levels 

26 muscle biopsies were taken under direct vision. 

27 These samples were snap frozen in liquid N2 - The 
2 8 samples were stored at -80°C, prior to freeze- 

29 drying. A commercially available freeze-drier was 

30 used and the samples stored d.n a desiccator at - 

31 10°C, 
32 
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1 Immediately prior to analysis, the samples were 

2 pulverise<a. with an agate pestle and mortar and the 

3 connective tissue was removed. The remairaing muscle 

4 powder was thoroughly pulverised and two XOmg 

5 samples were weighed into ca.isposable plast^ic 

6 centrifuge tubes for extraction and analysis. 
7 

8 Muscle metabolites were extrracted with coid 0.5 N 

9 perchloric acid containing lmmol/1 EDTA at: a ratio 

10 of 1ml perrchloric acid for every 12.5mg ojE muscle 

11 powder- Tlrxis solution was agitated in ari ice bath 

12 for ten minutes and then centrifuged for &0 seconds. 

13 The supernatant was removeca. and neutralised by the 

14 addition of a one-fourth volume of 2.1 moDL/l KHCO3. 
15 

16 Assays 

17 The concerat rat ions of Glucose -6 -Phosphate (G6P) , 

18 Lactate and Pyruvate, expressed as millitnoles per 

19 kilogram of dry muscle were assayed by mociifi cat ions 

20 of the method of Olsen®. F'luorometric measurements 

21 were made on a filter fluoarimeter (Locarte model LF 

22 8-9: Locaarte, London, UK) . All f luorimetrzic analyses 

23 were conduced using standaard solutions that had been 

24 calibrated photometrically - 
25 

26 Glucose -6 — Phosphate was assayed in the presence of 

27 lOOmmol/1 Tris buffer, pH Q.l; 5mmol/l N.2U3P; and G- 

28 6-P Dehydarogenase, 10 U/ml. 

29 Lactate was assayed in the presence of 1 . IL mol/1 

30 Hydrazine buffer, pH 9.0; 5 mmol/1 NAD; anad Lactate 

31 Dehydrogenase, 2750 U/ml . 
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1 Pyruvate was assayed in the presence of D.5 mol/1 - 

2 Phosphate buffer, pH 7.0/ 2 mmol/1 NADH; and Lactate 

3 Dehydrogenase, 5.5 U/ml. 
4 

5 In each case the reaction mixture containing buffer, 

6 cof actor and enzyme was E?repared immediatiely prior 

7 to use. By keeping the oreaction volume small, ; 

8 favourable kinetics were ensured. All incubations 

9 were car-aried out at room temperature, samples and 
10 standardL solutions being treated identically. 

11 

12 At the end of the incubation period the sample was 

13 diluted loy the addition of 1 ml of H2O. The 

14 fluorescence was then re3.d; for G6P and ILactate the 

15 blank wa.s set to zero; for pyruvate the tiighest 

16 standard, solution was set to zero. SaiapILe values 

17 were obtained by compari son with the standard curve 

18 and the corrected for tlxe dilutional effects of the 

19 extraction. ATP and PCir were assayed usdLng 

20 modif ica-tions to the original methods described by 

21 Harris''. Spectrophotomic measurements were made on 

22 an Epperdorf photometer (Model IIOIM, 

23 wavelen3rth=334nm) • 
24 

25 ATP and PCr were assayecS. sequentially in. the 

26 presence of 50mmol/l TEA buffer, pH 7.5 ; 0.1 mol/1 
,27 Magnesium Chloride; 0.5 mol/1 Glucose; 22mol/l ADP; 

28 5mmol/l NADP; G6P Dehydrogenase, lOU/ml; Hexokinase, 

29 50U/ml; and Creatine Kirxase 90U/ml. 
30 

31 Analysis of ATP and PCr were made on the same day as 

32 extraction. 
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1 

2 Exampl, e 6 

3 The .ai.m of this example was to demonstrrate the 

4 ability to monitor the muscle pH changes associated 

5 with Limb ischaemia, i-xi both the acute and the 

6 chroni-c forms. In vascular surgery thsre are a 

7 nutnbeir of novel uses for pH monitoring including 

8 assisting in the decision to re-vascula.rise 

9 compromised limbs or to primarily amputate to avoid 

10 the potentially life threatening systematic effects 

11 of re — vascularistion, 
12 

13 The calibration, steri-lisation and insertion 

14 technd-ques used in thi.s study were ideratical to 

15 those described above in the method section. 

16 Markers were used in this instance during surgery 

17 for cl-amping of the artery (ON) , release of the 

18 clamp (OFF) , return to full circulation (CIRC) and 

19 in some cases, during the angiogram (ACSTGIO) used to 

20 check graft patency. 
21 

22 Results for Example 1 

23 The following analyses were conducted con the results 

24 from a. subgroup of the patients; 24 patients 

25 undergoing elective knee surgery and 8 patients 

26 undergoing elective total knee replacement surgery. 
27 

28 Arthroscopy study group 

29 This example covered eighteen men and seven women 

30 (mean, age of 41 years ^ mean tourniquet time of 21 

31 minutes) . The mean muscle pH before the tourniquet 

32 was ixiflated was 6.9. This decreased by 0.3 to 6.6 
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1 prior to the tourni<i-uet being released. Fifteen 

2 minixtes after the toxirniquet was def 1 ated the muscle 

3 had recovered by an average of 0.16 of a pH unit to 

4 6,76 . 
5 

6 Tota,l knee replacem^xit study group (s ee figs 3 and 

7 4) . 

8 This group of patiexxts included 3 mal es and 5 

9 females (mean age of 68 years, mean tourniquet time 

10 of 7 9 minutes) . The xnean pH prior to tourniquet 

11 inflation was slightly lower than the: arthroscopy 

12 groTJ-p at 6.7, and decreased to 6.2 before the 

13 tourniquet was released. Fifteen min\a-tes later, 

14 muscle pH had recovered by 0.28 of a pH unit to 

15 6.4a, with further r^ecovery of 0.16 to 6.64 by 30 

16 mim-xtes (total recov-ery of 0.44) . 
17 

18 The average pH recor^ded prior to release of the 

19 tourniquet in the Icrxee replacement grr^oup was 6.3. 
20 

21 The remaining analyses of Example 1 csover the full 

22 group of 27 patients undergoing elective knee 

23 arthroscopies and 12: patients having total knee 

24 replacements. 
25 

26 Statistical analysis of the results v^as completed 

27 using SPSS for windows, version 10,0 (Microsoft) . 

28 Non -parametric stati-Stical tests were used due to 

29 the skewed distributions of the samples. For 

30 corarelations between continuous data^ Spearman's rbo 

31 congelations were employed. For comE^arisons of 

32 categorical data with continuous data, Mann-Whitney 
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1 tests were used. When looking for significant 

2 clianges over time^ Wilcoxon matcheca. pairs testing 

3 was carried out. 
4 

5 Table 1.1 shows tine general descrip^tive data 

6 g-athered for ExamE:>le 1 . The group Inas been sub- 

7 divided into two sets, those who underwent knee 

8 arthroscopy, and therefore had a relatively short 

9 p>eriod of tourniquet ischaemia, anc3 those who had 

10 tiotal knee replacement surgery (TKR) , and therefoire 

11 required prolonged use of the tourriiquet. 
12 

13 

14 Table 1,1: Genera. 1 descxrlptive data 



Category 


IThole Group 


Ar tULliros c opy 


TKR 






nB27 


Nsl2 


H&le 


25 


19 


6 


Female 


14 


8 


6 


Meaui Age (years) 


48 


40 


68 


Mean Toumlq^uet fcime (sdLaoutes) 


37 


21 


74 


Tourniquet: Pressure SOOmniHg 


33 


21 


12 


Tourniquet Pressure 250iiiinBg 


6 


6 


0 



15 

16 The mean change i.n pH during tourniquet ischaetnia 

17 for each s\ib-gro\jip is displayed in figure 9. In -the 

18 a.rthroscopy group, the mean muscle pH prior to 

19 tourniquet inflation was 6,80. Th_is decreased to 

20 6.58 prior to the tourniquet being- released, and 

21 recovered to 6,6S in fifteen minutes. Although the 

22 mean pH prior to tourniquet inflation was slightly 

23 lower in the total knee replacemeriLt group (6.74), 

24 the difference was not statistically significant 

25 (table 2) . Howe-ver, the pH decreased to 6.35 pri-or 
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to tourniquet ^release in the knee replacement g^roup, 
which was significantly different from the 
arthroscopy group (table 1.2). Fifteen minutes 
after tourniquet release, the muscle pH in the "TKR 
group had reco-vered to 6.51, wi_th further recoveiry 
to 6.63 by 30 minutes. In the whole group, reco-very 
to baseline pH was achieved wit-hin 30 minutes 
following release of the toumdLquet ( z=- 1.232 ; 
p=0.218) . 

Using the whole group, several factors, including 
age, gender, initial end tidal carbon dioxide, and 
the tourniquet inflation pressure, were analysed as 
to their effects on either the baseline muscle pH 
recorded prior to touimiquet inflation, the cha.nge 
in pH occurriixg during toumiquiet ischaemia, or- 
during recovery (Table 1.2). ISTo one factor hadL a 
significant irxfluence on the results. 

Table 1.2: The effect of various factors on the 
initial pH, arxd changes in pH occurring during 
ischaemia and recovery 





Age* 


Gender'^ 


Surgery' 


^Tpressure^ 


ETC02* 


Side^ 


Baseline 


CCO.063 
p=0.720 


Z=-0.511 

P=:0.609 


z=-0,901 
p==0.368 


z=-l .696 
psO . 090 


cc=0 . 112 
p»0-.650 


z= — 1.167 
p= 0.243 


Xschaemlc 
pH change 


p=s0.159 


Zb-0.840 
P»0.401 


za-3.034 
paO.002* 
* 


Z—0.725 
p=0.468 


CCbO .152 
paO . 524 


Zb — 0 .201 
p» 0 . 841 


Recovery 
0-15 

minutes 


CCs-O.009 
p=0.961 


Z=-0.218 
PeO.827 


z»-0.847 
■ p=0.397 


z=-0 .669 
p»0.504 


CC=0 . 082 
p=0.731 


Z= — 0.699 
p= 0.484 


Recovery 

IS'-SO 

minutes 


CC=-0.222 
p=0.595 


Z=-0.833 
P=0.405 

1 






cc=0.949 
p=0.05l 


z=— 1.725 
p»0.084 



23 
24 



coefficient 
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1 t . Mann Whitney tests 

2 **Significa.xit to the 0.01 3.evel 
3 

4 The mean recorded value in the drift measurement was 

5 7,07 (SD 0.28) for the whoLe group, which does not 

6 represent a. significant dri-ft during recordi^ng (z=- 

7 1.211, p=0 . 226) . 
8 

9 It was found that placement of the external 

10 reference electrode close to the probe inserrtion 

11 site resulted in the best arrecordings . 
12 

13 The pH decreased during the period of tourniquet 

14 inflation and recovered upc:>n release. 
15 

16 Statistical- analysis reveaXed a linear pattern of pH 

17 decline upon inflation of the tourniquet (FiLg 9) . 

18 Furthermore, Wilcoxon ranked pairs testing zEound no 

19 significant differences between the reduction in pH 

20 for each 5-minute interval during this trialL. The 

21 change in muscle pH was significant following just 5 

22 minutes of tourniquet ischaemia (p<0.001). 
23 

24 Upon release of the toumicjuet, the intramuscular pH 

25 increased (Fig 10) . However, it remained 

26 significantly different from baseline pH values 

27" until 20 minutes after the tourniquet was removed in 

28 the arthroscopy group, and 25 minutes of re - 

29 perfusion in the knee replacement group. Tliis is 

30 thought to reflect the prolonged tourniquet time in 

31 the latter group. 
32 
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1 The pH monitor chosen for this stuc3Ly was easy to 

2 use, acceptable to patients, and r&corded pH 

3 intaramuscularly. Ht was therefore deemed acceptabl-e 

4 for use . 
5 

6 Res-ultB for Example 2 

7 The pH and absolute pressure readiixgs during theatre 

8 have been plotted on the graph showrx in Fig 5, whil« 

9 Fig- 7 shows pH results compared with the delta 

10 pressure recordings. It is clear that the muscle pIH 

11 red.-uced signif icant^ly during sustaLned high ICP, an<i 

12 recovered following f asciotomies . 
13 

14 Resxilts for Example 3 

15 The results can be seen in Figs 6 a-nd 8. The muscle 

16 pH remained in the physiological ra_nge throughout 

17 the operation, while neither the at>solute ICP, nor 

18 the delta pressure met the current criteria for 

19 diagnosing ACS. At no point did th& patient show an-y 

20 signs of impending or missed ACS. 
21 

22 Res-ults for Example 4 

23 Sixity one patients admitted to the Orthopaedic 

24 Tra-uma Unit fulfilled the inclusiorx criteria and 

25 agreed to participate in the study. Of this group, 

26 pH was successfull-y recorded in 60 patients. 

27 Pressure was also omitted in one pa-tient following 

28 damage to one of tlie probes. Twenty^ nine (48%) 

29 patients have been seen for their six and/ or 12 
3 0 month follow up appointments to date. 

31 
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1 The full group was further subdivided into patients 

2 who were deemeci to have an acut e compartment 

3 syndrome (ACS) , and those who d-id not (normal) . 

4 Patients were included in the A.CS group in one of 

5 two ways. They were either diag^nosed with ACS -via 

6 clinical assessment and/or pressure measuremen-ts by 

7 the surgical team, and therefor^e underwent 

8 f asciotomies dxaring their hospi-tal stay, or they 

9 were found to laave clinical signs of a previous 

10 compartment syxidrome at subseqtxent follow up 

11 appointments. The median age £oic each group vras 

12 similar, and tlie majority of thxe patients were male 

13 (82%) , particularly in the ACS group (94%) . 
14 

15 All three variables, pH, TCP ar^td delta pressur^e, 

16 were recorded for up to 48 hourrs starting as soon as 

17 possible following the patient' s injury. The miedian 

18 time from inj\iry to monitor insertion was 11 Ixours 

19 (interquartile range 8.2, 17.7> , with a median, delay 

20 to surgery of 14.5 hours (iq range 7.2, 20), The 

21 mean recordincfs obtained for TCP, dP and pH arre 

22 displayed in Figs 11 to 13 resE)ectively . 
23 

24 Figs 11 and 12 show a clear elevation in ICP and a 

25 drop in delta pressure (dp) dunring the first 2 hours 

26 of recording. This is followed by a steady, slow 

27 recovery over the next 3 8 hours • Sixty one percent 

28 of the whole group suffered a "tibial shaft fracture 

29 that was treated with IM nailiaag. This proceciure 

30 caused high peaks in intra -comi>artmental pressure, 

31 particularly during reaming arL<i nail insertion. 
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1 which may be at least part ly responsible if or these 

2 initial values. 

3 

4 The pH (Fig 13) shows a lioaear pattern of recovery 

5 subsequent:: to an initial dnrop/ and prior "to 

6 flattening of the curve onoe normal values are 

7 reached (r>6.9)* 

8 

9 In order to simplify the a3n.alysis of the large 

10 quantity cDf data obtained <iuring this study, the 

11 ^^worsf hourly values of esch variable wenre 

12 calculate<d for each patien-t . Although this was 

13 straightforward for pH measurements, some difficulty 

14 was enco\xxitered regarding irhe pressure-based 

15 recordings. Those patients who underwent ZLM nailing 

16 experienced many very high, peaks in compazrtment 

17 pressure (up to 14 0mmHg) as a result of reaming and 

18 nail insenrtion, however th.ey were generality not 

19 sustained: . For some of the readings, the iiourly 

20 recording fell within the -time during the nailing, 

21 and therefore the values a^ppear artificially 

22 inflated (highest ICP (HICP) , lowest dp (iDP)). To 

23 compensate for this, moving hourly averages were 

24 calculated during IM nailing, to give a better 

25 indication of the overall state of the pressure 

26 within ttte compartment (av-e. ICP, ave. dP ) • 

27 However, both sets of data, were analysed, to ensure 

28 that these peaks did not significantly alter the 

29 results. 

30 
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1 In ordex" to ensure the accuracy of the irecordings 

2 obtained throughout eacta patient's stud^r, both the 

3 pH and ]pressure systems were tested for accuracy 

4 upon coTtipletion of the study, and thereifore any 

5 drift tliat had occurred was detected (s«e table 3) . 

6 The drifts in each system were not significantly 

7 different between the ACS and normal groups. 

8 

9 Table 4 Drift in systems during moni "boring: ICP 

10 monitor^ in air (0) , and pH monitor in 7 . 0 buffer 

11 





OPull group 


ACS 


Nc 


>n ACS 


P 

value 




' Hed±sLzi 


Iq range 


Uedian 


Iq range 


Bfedlain 


X<3 range 




XCP 


O.OO 


0, 1.5 


O.OO 


0, 4 


0.00 


0 ^ 0.75 


0.398 


pH 


7.2 


7.025, 7.35 


7 . 1 


7,0, 7.35 


7.2 


7 .10, 7.38 


0.537 



12 

13 Intramedullary nailing of the tibia 

14 Thirty- seven patients underwent IM naiL ing of the 

15 tibia, with a mean procedure time of 9S minutes (SD 

16 21.62) • 
17 

18 During IM nailing, recordings before, ciuring and 

19 after each event were r^ecorded. These results were 

20 used to produce graphs representative of the average 

21 patient: in terms of both time and each event (see 

22 Figs 14 and 15) . These show high peaks in pressure 

23 during guidewire insert- ion, reaming ancS. nail 

24 insert ±on, with a sustained elevation i-n absolute 

25 pressuxre following nail, insertion. The current 

26 criter±a for ACS (ICP :^ 30mmHg, delta E^ressure < 

27 3 0minHg) are marked on t^he graphs. 
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1 

2 Acute coiapartment: syndrome 

3 For the purposes of tliis study, the ACS group 

4 incluided all those pa-tients who were cdiagnosed with 

5 ACS c3.uring their in-patient stay using clinical 

6 parameters and/or pressure studies (n==12) . Clinical 

7 follow up at 6 and 12 months further ridentified 

8 those with evidence of a previous coTti;^^^^^^^^^ 

9 syndrome (n=4) . All i>at±ents were then included in 
10 one ACS group (n=16) . 

11 

12 As with the worst valxies of ICP, dP aand pH, 

13 univariate analysis was carried out tco determine 

14 whicln factors were associated with th« occurrence of 

15 ACS. As can be seen from Tables 4,2 and 4.3, none 

16 of ttie demographic or^ injury related <aata were 

17 associated with an in.creased risk of <aeveloping ACS. 

18 Although it appeared initially that tDae earlier the 

19 surgery and monitorin-g were performed , the more 

20 likely the developmeixt of ACS, this did not reach 

21 statistical signif ica.nce (Table 4.3) . 

22 

23 Table 4.2 Chi-squared tests for categrorical patient 

24 and injury related factors associated- with the 

25 development of ACS 





Gender 


RTA 


Falls 


Work 


sport 


Tibial 
fract 


Side 


Open 


Grade 


Pchi 




0.069 


0,27T 








0.741 




0.098 


Flsheirs 


0.259 






0.686 


0.686 


1.000 




0.728 





26 P values all two-sided 
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1 Valiaes are pearsons chi- squared excerpt for those 

2 with, small numbers in each category ^hich are 

3 Pishers exact tests . 
4 

5 Table 4.3: Statistical tests for cdn-tinuous data 

6 related to ACS development 







Delay to Sx 


DeXay to 


Op length 


p 


O .980 


0.063 


0.O80 


0.522* 



7 All represent Mann "Whitney tests, exicept which 

8 was obtained from t -test 

9 

10 Once more, the worst values of the f>H^ ICP and dP 

11 varrdables were usedL for the analysis of the 

12 association between, these test variables and the 

13 development of ACS. The initial vaLues of pH, ICP 

14 and delta pressure were also tested to detect any 

15 predictive value each had for identifying the 

16 s\it> sequent development of an ACS. Table 4.4 shows 

17 that both the lowest pH and the higtiest ICP (both 

18 pea-k and average) recorded were sigraif icantly 

19 different between trhe two groups, wtiile the delta 

20 pressure difference failed to reach statistical 

21 sigi^Lif icance. Also of interest was the fact that 

22 the initial pH value recorded was alLso signif icantLy 

23 different for the two groups. 

24 

25 Talole 4.4: ACS groxip versus others for test 

26 vaariables pH, ICP e.nd dP 

27 
28 
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Variable 


Giroup 


nean 






Interquartile 
range 


P 


Lowest pH 


'ACS .: . > 




0,19 - 

^ y * • - 


,\. ""^ --^ [: ■ 




o.ooo 




others 


6.49 


0.31 






High ICP 






* . ■ ■ V 




^ 5s^sV fe'^ y> T ^ . * • . . V- - 


0.006 




Others 






36 


29; 50.75 


Ave ICP 






vUM • 






0.04X. 




Others 






32 


22.75; 40.75 


Lowest: dP 






I- #• 






0 .17S 


Others 






16.5 


10; 30.75 


Ave dP 












0 . 37S 


others 


23.3 




24 


14.25; 34 


initial pH 


r-i^ ^^]^% 










0.026 


Others 


6.68 


0.29 






Initial ICP 












0.296 


others 






24 


18,75? 29.25 




initial dP 


km::/! 


mf- 










others 






32 


22.75; 48.75 





1 Means and stand. 3.rd deviations are displayed for 

2 normally distrilouted variables arad medians and 

3 interquartile r^anges are noted f CDr variables whi ch 

4 are not normallY distributed. 
5 

6 Having found th.at the initial pH recorded was 

7 predictive of the future development oif ACS^ th.& 

8 group of IM na oL Is were assessed as to the 

9 relationship be:tween the pH, ICP and dP values 

10 recorded at eaoh event during sunrgery and the 

11 subsequent occixrrence of ACS. Although insuf f ici_ent 

12 numbers existeci to test the pre- and post- 
13 anaesthetic vaLues (n=9) , the pH values recordeca. at 

14 each subsequent event were signirEicantly different 

15 for each group. Of the pressure -variables, only the 
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1 post-operati.ve delta pressure was significantly 

2 different between the two groups (see table 4.5) i 

3 

4 Table 4.5: ACS vs normal: Par-ameters monitored 

5 during events of IM nailing vsrith p values (raann 

6 Whitney) 

7 * significant to the 0.05 Level (two-tailecd) 

8 ** significant to the 0.01 level (two-tailed) 
9 





PH 


ICP 
(mniHg) 


Delta Pressuare 
(mmHg) 


ACS 


Non 


P 


ACS 


non 


P 


ACS 


non 


E> 


T 


6.5 


6.7 


0.051 


29 


24 


0. 338 


28 


28 


0.S60 


GW 


6.5 


6.6 


0.052 


56.5 


45 


0- 231 


1 


14.5 


0.377 


R 


6.3 

5 


6.6 


0 .023* 


67 


48 


0. 224 


-10 


9.5 


0.203 


N 


6.3 
5 


6.6 


0.006* 
* 


77.5 


59 


0. 108 


-11.5 


4 


O.:340 


TR 


6.3 


6.8 


0.003* 
* 


45.5 


25 .5 


0, 185 


34 


28 


0.-762 


REC 


6.3 


6.7 


0.001* 
* 


33 


26 .5 


0 . 560 


27.5 


46 


0.O23* 



10 

11 

12 Figs 16 and. 17 are graphs of absolute ICP an-d pH 

13 respectively during Intramedxallary nailing. The 

14 diamonds represent the ACS gnroup and the sgu-ares 

15 represent tbe ACS group. 
16 

17 Recovery following fasciotoiad.es 

18 Twelve patients underwent fasciotomies duririg this 

19 study. Data was collected tlaroughout the pzrocedure, 

20 and each variable was record.ed at specific time 



wo 2004/016162 



m 



PCT/GB2003/003608 



38 



1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
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21 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 



points: E>rior to f asciofcotnies, and follovd.ng each 
dermotomy, and each f ascd. otomy . The data obtained is 
displayeca. in Fig 18. The diamonds represent pH and 
the squaares represent pressure. Both pH ^nd 
pressure recovered during- the surgery, hox^rever, 
although the pressure had. significantly reduced 
following the last fasciotomy {p=0.008), the pH had 
not reco-vered significantly by this time K>oiiit 
(p=0.284) . 

Intra- Compartmental PreBsure vs pH 

In order to further compa.re the diagnostic:: strength 
of pressure based variab3_es with pH in reZLation to 
ACS, the initial full group graphs were s;^lit into 
those with, and those without signs of ACsS. In 
addition , the sensitivity^ and specificity for each 
level of each variable was calculated, an<d ROC 
curves paroduced. Finally, further iinivariate 
analysis was carried out using the best levels of 
each variable identified via the previous tests. 

The data, for ICP, delta pressure and pH o-ver the 
first 40 hours are presented in Figs 19 t-o 21 
respecti-vely . For pressiare related data, the only 
values which were significantly different between 
the groups occurred at ttae 1 and 2 hour p oints for 
ICP (p=0 .043; p=0.000), and only at the 2 hour point 
for dP (p=0.000). However, the pH values recorded 
for the ACS group were significantly dif f erent from 
those without the syndrome for each time point up to 
33 hours . This shows that pH readings ca_n provide a 
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18 

19 



better ±ndication of ac-ute compartment ©yndrome than 
ICP reacSings. Furthermore, the slope o£ the line is 
similar in the recovery period. 

Correlations were performed comparing ttie three 
variables being tested to determine any relationship 
that ex±sted between. pH and pressure based 
recordings; the results are shown in Talole 4.6 
expecteca., the ICP and <iP values were highly 
correlated (dP=diastoli c blood pressure - ICP) 
the initial pH values correlated well wzLth the 
lowest E>H values subseqniently recorded. However, 
neither the lowest pH rtor the initial pH values 
obtaineca. were correlated with either pressure 
measurement . 

Table 4.6: Correlations between ICP, dP / and pH 
values ^recorded 



As 
and 





Low pH 


High ICP 


JjO'w dP 


Initial 

pH 


Initia_l ICP 


initial 
dP 


IiOW pH 




0.560 


0 . 54 9 


0 . 000* 


0.830 


0.495 


High ICP 


0.560 




0. 000* 


0.489 


0 .000*= 


0 .005* 


IiOW dP 


0.549 


0.000* 




0.X53 


0.000*« 


0.000* 


Initial pH 


0.000* 


0.489 


0- 153 




0.714 


0.196 


Initial 

ICP 


0.830 


0.000* 


0 - 000* 


0.714 




0.000* 


Initial dP 


0.495 


0.005* 


0 . 000* 


0.196 


0.000*= 





20 
21 

22 

23 



comparing pH values (Pearson's correlations) 
* correlation significant to the 0.01 level (two- 
tailed) 
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1 The sensitivity and s:EDecif icity for pH/ ICP and 

2 delta pressure were calculated, allowing ROC curves 

3 to be produced (Figs 22 to 24 respectively) . 

4 Area xinder curves : 

5 lowest: pH: 0 • 875 

6 Highest ICP: O .732 

7 avera^ge high ICP: O .673 

8 Lowest dP: O .591 

9 avera.ge low dP: O .577 
10 

11 Given, the significance of the initial pH value at 

12 predicting ACS, the sensitivity and sjpecificity were 

13 also calculated for TCP, delta pressujre and pH, and 

14 the results are displayed in Figs 25 to 27 

15 respectively. 
16 

17 Areas under curve : 

18 ICP: 0.589 

19 DP: 0.540 

20 PH: 0.681 
21 

22 By eixamining the sensitivity and specr:if icity for 

23 each, variable from ttae ROC curves ger^erated, the 

24 best levels at which to diagnose ACS for each 

25 vari a.ble were determined. This was Xess than 6.4 

26 for pH (93% sensitivity, 68% specif icsity) , greater 

27 than- 40TninHg for ICP (69% sensitivity^ 66% 

28 specificity) and less than 20mtnHg foar delta pressure: 

29 (53%- sensitivity, 64% specificity). Chi-squared 

30 tests were then used, for each variabUe, and only thfe 
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10 



critical pH and ICI> levels identif i ed were 
associated with de-velopment of the syndrome (table 
4.'7) . Chi sc[uared tests were also carried out on 
the most commonly xised pressure-based criteria for- 
ACS currently (tah>3.e 4.8). 

Tafc>le 4.7: Chi -squ aired tests for b&st fit predictive 
measurements associated with the development of ACS 
(pearsons chi ) 





pH<6.4 


r cp>40 


DP<2 0 




0.000 


O ..039 


0.1S7 



11 Table 4,9: Chi-sqixared tests for prredictive value of 

12 cnarrently used levels of ICP and dF> 





ICP>30 


XCP>40 


ICP>50 


DP<3 0 




0.195 


O .039 


0 .002 


0 .481* 



13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 



Va3.ues are pearsoixs chi, except * Eishers exact test 
Results for Bacampl-e 5 

The first point o£ attack of ischaemia is the cell. ' s 
aerobic respiration, i.e. oxidative phosphorylatican 
by the mitochondr3_a . As the oxygen tension within 
th.e cell decreases there is a loss of oxidative 
plrosphorylation and decreased genearation of ATP. 

Ttxis switch to ana.erobic metabolism results in an 
imcreased rate of glycolysis designed to maintain 
tlxe cells energy sources by generating ATP througti 
thie metabolism of glucose derived :from glycogen. As 
a consequence glycogen stores are zrapidly depleted, 
resulting in the accumulation of Isctic acid and 
inorganic phosphates from the hydrolysis of 
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phosphate esters. This reduces the intraoellular 
and interstitial pH. 

Table 5.1 displays the decsrease in muscle pH in 
relation to ischaemic timet . 



Time (min) 


PH 


SD 


0 


7 . 14 


0 .05 


2 


6.95 


0.05 


4 


6.84 


0,07 


6 


6.76 


0.09 


8 


6.70 


0.10 


10 


6.65 


0.11 


15 


6.57 


0.11 


30 


6.44 


0.08 


45 


6.35 


0.07 


60 


6.31 


0 . 08 


75 


6.29 


0.09 


90 


6.26 


0,07 


105 


6.24 


0.05 


120 


6.22 


0.04 


135 


6.21 


0.04 


150 


6.18 


0.04 



Although tissue oxygen le-vels are depleted rapidly- 
after the onset of muscle ischaemia, tiss"ue pH 
continues to decline over a prolonged per-iod under 
similar conditions* This is clearly visible in 
figure 2S . 

Glucose S Phosphate 

Glucose S phosphate (G6P) acts as a key crossroads 
governing the metabolism. Glucose enteri^ng the cell 
can rapidly be phosphoryl ated to G6P, whi-ch can be 
stored as glycogen, degraded by way of py^ruvate, or 
converteol into ribose 5 piiosphate. 

Under ^normal conditions" , G6P can be forrmed by the 
mobiliza-tion of glycogen, or it can be synathesised 



wo 2004/016162^^ PCT/GB2003/003608 

43 



1 from pyaruvate or glycogenic amino acids by the 

2 gluconeogenic pathway. However during ischaemia and 

3 anaerobic metatbolism, GLucose 6 phosphatie acts as a 

4 crossroads feeding the glucose molecules into the 

5 glycolytic pathway, in an attempt to maintain ATP 

6 levels . 
7 





CC36P] 


SD 


7.3. 


1.89 


O .29 


7 


1.77 


0,24 


6.9 


1.45 


0.39 


6. 8 


1.36 


0.35 


6. "7 


0.78 


0,12 


6. 6 


0.76 


0,09 


6. 5 


0.57 


O.07 


6 - 4 


0.52 


O.06 


6. 3 


0.48 


0.12 


6. 2 


0.39 


O.04 



8 Table 5,2 
9 

10 Both Table 5.2 and FiguDce 29 clearly demonstrate the 

11 rapid £all of G6P with the onset and progression of 

12 ischaemia. 
13 

14 Lactate 

15 Under anaerobic conditions, the reduction of 

16 pyruvate to lactate con-sumes NADH and r^egenerates " 

17 NAD* ttiat is essential for continued gl:ycolysis, 
18 

19 The reduction of pyruva-te is catalysed by Lactate 

20 Dehydr^ogenase, which forms the L isomerr of lactic 

21 acid. The overall ecjud. librium of this reaction 

22 strongly favours lactate formation and once formed., 

23 lactate can only be reconverted to pyrvuvate in the 

24 liver • Hence, within the muscle, lactate is a 

25 metabolic dead end- 
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pK 


[£iact:a.^e] 


SD 


7.1 


17. 67 


8.50 


7 


31. OO 


9.93 


6.9 


46. 71 


7.30 


6.8 


51.33 


4.63 


6.7 


64.80 


8.93 


6.6 


82.50 


11.12 


6.5 


95. e7 


7.50 


6.4 


127. 00 


5.00 


6.3 


140 . 67 


15.37 


6.2 


164 . 67 


9.29 



Botti Table 5,3 and Figure 30 clearly- demonstrate the 
gradual elevation o£ Lactate within, the muscle 
tissue, with the progression of isch-aemia. 

We >mow that the pathophysiology of ACS results in 
inaciequate tissue oscygen delivery, E>recipitating 
anaerobic metabolism. However in addition ACS 
impairs the removal of the products of anaerobic 
glycolysis, and one might hypothesise that this may 
result in an increased accumulation of lactic acid. 

Pyr-xivate 

Pyruvate, the product of glycolysis^ represents an 
important junction ^^oint in carbohy<a.rate metabolism • 
The initial steps o± glycolysis or glycogenolysis 
are anaerobic and aare the predominarat metabolic 
pathways of energy production for prreservation of 
cel-1 integrity in ischaemic skeletal muscle. 

The reactions of glycolysis occur in. the cytoplasm 
of the cell, and th.e pyruvate formecd is not 
phosphorylated and is, therefore, faree to leave th4 
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1 cell. Some pyruvate will escape forom tissues suclna 

2 as muscle when tlrae rate of glycolysis is high, but. 

3 most is further metabolised, Pyru-vate produced b^^ 

4 g-lycolysis during ischaemia is ult imately 

5 metabolised under anaerobic condit ions to form 

6 Xactate . 
7 



PH 


[Pyaruvate] 


SD 


7.1 


1.60 


0.27 


7 


1.58 


0.25 


6.9 


1.50 


0.41 


6.8 


1.20 


0.22 


6.7 


0.96 


0.33 


6.6 


0.62 


0.20 


6.5 


0.56 


0.22 


6.4 


0.46 


0.21 


6.3 


0.46 


0.17 


6.2 


0.26 


0.09 



8 Table 5.4 
9 

10 Table 5.4 and Figure 31 demonstrate the fall of 

11 tissue Pyruvate concentrations. Ttiese closely miirror 

12 the similar fall, in G6P concentrations, which 

13 support the gra<3.ual utilisation o:f the glycolyic 

14 metabolites witti ensuing ischaetnisi. 
15 

16 pH Verification 

17 Previous studies performed by Sahlin et al found a 

18 close relationstiip between pH and. the concentrations 

19 of lactate and E>yruvate in skelet al muscle at rest 

20 and following various levels of o irculatory 

21 occlusion, 
22 

23 pH = -0 • 00532 (lactate + pyruvate) +7.06 
24 
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1 This enables tas to verify the measurements cDf the 

2 intramuscular probe with a calculated pH, derived 

3 from the above assay results, 
4 

5 The Intramuscular pH measuremer:its and correspomding 

6 lactate concentration, pyruvate concentration and 

7 calculated pH are dembnstrated in table 5* 5. 
8 



specimen 
No 


IM pH 
measureme nt: 


[Xiactate] 
mmol/kg 


[Pyruva-fcel 


Calc. pH measures -ment: 


1.00 


6 . 90 




1 . 73 


6 . 81 


2.00 


6. 80 


nn 


0. 86 


6 . 78 


3-00 


6. 70 


99 . uu 


1.69 


6 . 76 


4 . 00 


0 • s\j 


49 . DO 


1.79 


6 . 79 


5. 00 


6.80 


55.. 0 0 


1.49 


6 .76 


6 . 00 


6.70 


tin nn 


1 . 17 


6 . 73 


7. GO 


6 .50 


98 .00 


rt on 


6 . 53 


8 .00 


6.90 


43 . 00 


A tZCk 

u . 07 


6 . 83 


9 . 00 


6 .70 


59 00 


U . 3^ 


6 . 74 


10 . 00 


6 .70 


76 . 00 


u . 0 / 


6 .65 


11.00 


6. 60 


86 . 00 


0. 46 


6 . 60 


12 . 00 


6.80 


45 . 00 


1 • 14 


6 . 81 


13.00 


6.70 


55 . 00 


0. 84: 


0 . /o 


14.00 


6. 60 


70 .00 


•0.49 


0 . 00 


15.00 


6. SO 


85.00 


0.37- 


6 ,61 


16.00 


6.90 


44 .00 


1.75 


6.82 


17.00 


6.80 


57.00 


1.3^ 


6.75 


18 . 00 


6.70 


58.00 


1.1^ 


6.75 


19.00 


6.70 


64.00 


o.as • 


6.71 


20.00 


6.60 


78.00 


0.62 


6.64 


21.09 


6.90 


43.00 


1.49 


6.82 


22 . 00 


7.00 


31.00 


1.83 


6.89 


23.00 


6.50 


90.00 


0.35 


6.58 


24.00 


6.20 


175.00 


0.23L 


6.13 


26 .00 


7.10 


26.00 


1.90 


6.91 


27.00 


6.90 


40.00 


1.7^ 


6.84 


28.00 


6.60 


96.00 


0.9O 


6.54 


29 .00 


6.40 


132.00 


0.6^ 


6.35 


30.00 


6.30 


148.00 


0.5S 


6.27 


31.00 


6.30 


151.00 


0.5-L 


6.25 


32.00 


6.20 


162.00 


0.36 


6.20 


33 .00 


7.00 


45.00 


1.66 


6.81 


34.00 


6.90 


62.00 


1,2Q 


6.72 


35.00 


6.70 


79.00 


0. 74 


6.64 


36.00 


6.50 


94 . 00 


0. 70 


6.56 
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37.00 


6.30 


123 .00 


0.27 


^,40 


38,00 


6.20 


157.00 


0.20 


^.22 


39.00 


7.10 


9.00 


1.36 


-7.00 


40,00 


7.00 


23.00 


1.38 


^.93 


41.00 


6.80 


47.00 


1.11 


^.80 


42.00 


6.70 


68.00 


0.99 


^^.69 


43.00 


6.50 


105.00 


0.60 


^.50 


44.00 


6.40 


122.00 


0.43 


€.41 


45.00 


7.10 


18 .00 


1.55 


^.96 


46 . 00 


7.00 


. 25.00 


1.37 


6.92 


47.00 


6.80 


53.00 


1.19 


6.77 


48,00 


6.70 


74.00 


0.98 


6.66 


49.00 


6.50 


102.00 


0.41 


6.52 


50.00 


6.40 


127.00 


0.27 


6.38 



1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 



Table 5.5 

A simple plot of the resuZLts of Intramuscular vs. 
Calculated pH (Figure 32) demonstrate tlies reaults 
lying near the line of eq-uality, the lin& on which 
all poin.t:s would lie if tlie two measurem&nts were 
exactly the same, every time. The Trend line of 
these points gave an egua.t:ion y =1. 11963c - 0.7701 
with an = 0.9265. The high correlation! of the 
results shows that the pH probe is provi<a.ing 
consistent and reliable results. 

To assess where any bias lies between the 
Intramuscular and Calcula.ted pH measurements, a 
Measurement of Agreement curve was constir-ucted 
(Figure 33) , comparing tlrxe average of the 
corresponding pHs to the difference between the 
corresponding pHs . This demonstrated the greatest 
bias lies at the upper pH: levels of 7.1 t::o 6.8, 
which actually correspon<a.s to the physioILogical 
range of muscle ischaemia. 
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ATP an<a PCr 

Within the cells, reactions which are jnot 
thermoclynamically favoxired may nevertheless be 
driven if coupled to reactions that ha-ve large, 
negative free energy changes. In living systems, 
the hydrolysis of certain phosphate compounds is 
frequently used in such coupling. The phosphate 
transfer potential ranks these compoimcds according 
to the±r ability to pb-osphorylate otheir compounds 
under standard conditions. Adenosine Triphosphate 
(ATP) lies about midway on the scale o:f phosphate 
trcinsf er potential. This position is strategic 
one, for ATP sexrves as the general "fr«e energy 
currexicy" for virtually all cellular p processes and 
is essential for the maintenance cell function and 
integrity. 

There are several meta.bolites with gre ater phosphate 
trans £er" potentials than ATP. Phospho creatine, 
otherwise Icnown as creatine phosphate, is such a 
compoTond. It is abuncflant in skeletal muscle, with 
quantities 4 times that of ATP. Theres it acts as a 
shuttle and a reseirvo±r of the phosphsLte bond energy 
from the ATP in the m±tochondria to tkie myofibrils, 
where its energy is tx-ansduced to the mechanical 
energv" of muscle cont fraction. 

Tables 5.6 and 5.7 display the fall oE both ATP and 
PCr with decreasing pK. These are fuar-ther 
demonstrated on Figures 34 and 35. 
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PH 


[ATP] 


SD 


7 . 10 


22 . 82 


1-35 


7 . 00 


3.9 .52 


0 .53 


6 .90 


as. 31 


2 .36 


6.80 


3.2.73 


2.38 


6.70 


9.81 


1.40 


6 .60 


6 .96 


1.56 


6.50 


4.83 


0.64 


6 .40 


3 .23 


1 .31 


6.30 


2 , 32 


1.54 


6.20 


2 .99 


2 .12 


Table 5.6 










pH 


[PCrl 


SD 




7.10 


114.03 


26.53 




7.00 


117 .09 


33.94 




6.90 


85.40 


30.07 




6.80 


42.82 


11.46 




6.70 


35.59 


11.12 




6.60 


20.63 


2.47 




6.50 


18.12 


5.57 




6.40 


10.89 


3.55 




6.30 


11.29 


0.87 




6.20 


IX. 40 


12.68 





3 Table 5.7 
4 

5 As ischaemia commences, the oxyge-n tension within 

6 ttie cell decreases and there is a loss of oxidativ^e 

7 plnosphorylation and decreased generation of ATP, At 

8 this point, the metabolic demand of the cell can no 

9 longer be met via aerobic metabol ism and anaerobic: 

10 parocesses begin in earnest. The switch to anaerotDic 

11 metabolism results in an increase<i rate of 

12 glycolysis designed to maintain tUae cell's energy 

13 sources by generating ATP through the metabolism of 

14 gILucose derived farom glycogen. However with 

15 increased duration of ischaemia tlhese reserves are 

16 utilised with resxilting depletion of ATP. This 

17 depletion of ATP lias widespread effects on many 

18 s-ystems of the cell. If ischaemia persists. 
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1 irreversible injury ensues an<d ischaetnic tissue 

2 death ultimately occurs. Thi^ process has 

3 morphologicalL hallmarks / but -the biochemical 

4 explanation :Eot the critical -transition from the 

5 reversible irxjury to cell dea-th has remained 

6 elusive . 
1 

B However, two phenomena consis-tently characteirise 

9 irreversibility. The first i s the inability to 

lO reverse mitochondrial dysfunction causing mairked ATP 

13L depletion; the second is the development of E^rofound 

12 disturbances in membrane function. ATP depletion 

13 clearly cent tributes to the fixmctional and structural 
1-4 consequences of ischaemia, and may also lead to 

1 B membrane damage . 
1^ 

IV It is difficult to assess to what level ATP must 

IS drop, before irreversible i&cshaemia is obtained. 

1 9 Certainly previous research^ if oiind that ATP Levels 

2 0 can drop to nearly 50% in chr^onic disease states, 

2 1 without morplnological irrever^sible ischaemic 

2 2 changes, whiZLe an ATP declin& to less than 4 0% were 

2 3 found in patients with end st-age Multi-organ failure 

2 4 who later died. If we were tiherefore to extirapolate 

2 5 the results above and use 40% as a level consistent 

2 6 with irreversible ischaemia, this would correspond 

2 7 to an ATP concentration of 9-12mmol/kg dw, 

2 8 equivalent to an intramuscular pH of approximately 

29 6.65, 

30 

31 Thus, the pKC results from the biopsy can be used to 

32 verify the accuracy of the pM readings from the pH 
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1 monitor in the muscle tissue, and the damage 

2 sustained by skeletal mtiscle can be corotrelated with 

3 specific levels of ICP and pH, 
4 

5 Results for Example 6 

6 The aim of this study was to demonstrate the ability 

7 to monitor the muscle pHE changes associ ated with 

8 limb ischaemia, in both the acute and chronic forms. 

9 In vascular surgery theatre are a number of novel uses 

10 for pH monitoring incluc3.ing assisting in the 

11 decision to re-vasculari se compromised limbs or to 

12 primarily amputate to avoid the potentially life 

13 threatening systemic effects of re-vascsularisation. 
14 

15 The calibration, sterilisation and insertion 

16 technicgpies used in this study were identical to 

17 those -used earlier. Maarkers were used in this 

18 instaxioe during surgery for clamping the artery 

19 (ON), release of the clamp (OFF), returrn to full 

20 circulation (CIRC) and in some cases, enuring the 

21 angiogram (ANGIO) used to check graft E>atency. 
22 

23 Twelve patients fulfilled the ethical entry criteria 

24 and ag-reed to participa.te in the study. Of these 

25 66% were male, and the mean age was 69 years. 33% 

26 were acute on chronic ischaemic limbs, the remainder 

27 were chronic cases. All underwent bypass procedures 

28 from tihe femoral artery" to either the [popliteal 

29 arterv o^r distal vessels. Examples of the typical 

30 recorcflings of muscle pHE gained are presented in 

31 figures 36, 37 and 38. The chronic isohaemic limbs 

32 start within a normal physiological ravage of pH (6.9 
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1 - 7.2) and this decreases during surgery. On the 

2 other hand the patients with acute ischaemic events 

3 cczjTOpounded by chronic limb ischaeinic have a low 

4 Ttiiascle pH prior to bypass graft siargexY/ but in time 

5 ttais recovers as a. result of recotrTLttiencing the muscZLe 

6 c±rculation. 
7 

8 As with the previous examples, low muscle pH was 

9 associated with thte symptoms and signs of muscle aaad 
10 nerve compromise. In the acutely ischaemic limbs, 

•11 wkiich started at of less than S.4, each patient 

12 had numbness in thteir foot and weakness of foot 

13 dorsif lexion. 
14 

15 Patient X: Acute on chronic limb ischaemia 

16 Axi angiogram pre-operatively showed no blood suppl^y 

17 going to the anterior compartment of the leg. He 

18 Had weakness of dorsif lexion of tine foot and great 
.19 toe, and reduced sensation on the dorsum and sole of 

20 txxs foot. A starting pH of 5.8 iri.dicates severe 

21 circulatory compromise in the anterior compartment . 

22 Following re-vasc\alarisation, some immediate 

23 recovery is evident following reraoval of the 

24 -v^a-scular clamp (graph) , but this ^recovery continued 

25 for the next 24 hours (graph) . He continued to ha-v^e 

26 signs of muscle and nerve damage rfollowing the 

27 recording period, but a degree of improvement was 

28 evident prior to terminating the muscle pH 

29 rrecording. 
30 

31 E^atient Y: Chronio limb ischaemia 
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1. This lady had chronic ischaemdLa only, with 

2 collateral cir^culation present! on angiogram pre- 

3 operatively. Throughout surgeiry, with the musole in 
4s a resting state, the muscle pBi remained within a 

B normal physiol-ogical range (6^9-7.2). Despite 

S clamping of ttxe major blood vessel to the antearior 

"7 compartment, little change was noted in the muscle 

S pH (graph) . This would suggest that the collateral 

. 9 circulation paresent was sufficient to maintain. 

lO aerobic metabolism in muscle d.n a resting state. At 

±1 no point during recording did the patient shovr signs 

12 of muscle or rxerve compromise . 

13 

14 Modifications and improvement s can be made without 

15 departing from the scope of the invention. For 

16 example, it is not necessary to use the pressijire 

17 and pH monitoars described heire; other similar 

18 devices could, be used. 
X9 

2 0 The followincr disclosures referred to above aare 

21 Incorporated herein by references 

2 2 1 Matsen FA. Compartment syndrome: A unified 

23 approach* Cl±nical OxrthopaedLdLca 1975; 113: 8. 

24 2 Robinson CM, O'Domiell iIF, Will E, Keatixisr JF. 

2 5 Dropped halliox after the intaramedullary nailixig of 

26 tibial f ractiares . Journ^.! of Bone and Joint Sxirgery 

27 (Br) 1999; 81-B: 481-4. 

28 3 Mars Hadley GP. Raised intracompartmeiatal 

2 9 pressure and compartment syn<iromes . Injury IP 98/ 29/ 

30 403-411. 

31 4 VThitesldes TE, Haney TC , Morimoto K, Rarrada H. 

32 Tissue pressxire measuretnents as a determinant for 
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1 the need for fasciotomy. Clinical Orthopa^edics 1975; 

2 ' 113: 43 • 

3 5 Be£>penstall RB, Sapega AA, Scott R &t al . The 

4 compartinent syndrome . Cl i jni cal OrthopaedL cs 1988; 

5 226: 13S-155. 

6 6 WlLly Geamgross H , Sterk J. Measixrement of 

7 intracoinpartTnental pressxaire with the use of a New 

8 Electrorxic Transducer- tipi>ed Catheter System. 

9 tlournal of Bone and Jointz Surgery (Am) 1^99, 81-A: 

10 158-168. 

11 7 Harris/ R. C. and Hultman, (1992) Muscle 

12 phosphag'en status studio d by needle biop^sy. In: 

13 Kinney J.M.and Tucker H (Eds) Energy Metabolism: 

14 Tissue c3.eterminants and cellular corollarries . Raven 

15 Press, ISIew York, pp 367-3 79; and Harris, R. 
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1 Claims 
2 

3 1. A method of determining the presence or 

4 severity of ischaemia in a tzissue, the methocl 

5 comprising the steps of inserting a pH sensor 

6 into the tissue, and measuring the 

7 intracompartmental pH in the tissue. 
8 

9 2, A method as claimed in claim 1, wherein the 
10 tissue is mxascle. 

11 

12 3 . A method as claimed in any i^receding claim, 

13 wherein a second probe is used to measure tlxe 

14 intracompar^-tmental pressure xn the tissue. 
15 

16 4, A method as claimed in any ^preceding claim, 

17 wherein the or each sensor is mounted on a 

18 respective catheter. 
19 

20 5. A method as claimed in any preceding claim, 

21 wherein the or each catheter is inserted intzo 

22 the muscle through a respective cannula. 
23 

24 6 . A method as claimed in any preceding claim, 

25 wherein the or each cannula, is inserted into 

26 skeletal m-ULScle in an orientation that is 

27 generally parallel to the nauscle fibres. 
28 

29 7. A method as claimed in any preceding claim, 

30 wherein the tissue is adjacent to a bone 

31 fracture, and wherein the or each cannula is 
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1 inserted into the muscle adjacent to, but not 

2 communicating wit 3a, the fracture sd.te, 
3 

4 8 . A method as claimed in any preceding claim, 

5 wherein the readi^ng from the or each sensor is 

6 compared with a calibrated scale to determine 

7 tine extent of tissue damage. 
8 

9 9, A method as claimed in any preceding claim, 

10 wlierein the ischaemia involves Acute 

1 1 Compartment Syndar ome . 
12 

13 10. A method as claim.ed in any preceding claim, 

14 wlierein the ischa^emia involves a txransplant or 

15 t±ssue flap. 
16 

17 11. A method as claiTn.ed in any preceding claim, 

18 wlnerein the ischaLemia involves sce]^t.±a shock, 

19 neurogenic shock, cardiogenic shocl^ or 

20 h-ypovolaemic shook. 
21 

22 12. A. method as claimed in any preceding claim, 

23 wherein the ischa.emia involves vasoular 

24 surgery. 
25 

26 13. Apparatus for determining the presence or 

27 severity of ischaemia, the apparafus having a 

28 E>H sensor adapteca to be inserted i^ito a muscle. 
29 

3 0 14. Apparatus as claimed in claim 13, -wherein the 
31 E^H sensor is moioriLted on a catheter^ . 
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1 15. Apparatus as claimed in claim 14, whereirl the 

2 catheter is glass -tipped. • 
3 

4 16. Apparatias as claimed in claim 14, wherein the 

5 catheter is antimony-tipE^ed* 
6 

7 17. Apparatus as claimed in any one of claims 12- 

8 16, wherein the apparatus also includes a 

9 pressure sensor coupled "to a pressure re<2ording 
10 device. 

11 

12 18. Apparatus as claimed in c:laim 17, whereian the 

13 pH sensor and the pressuare sensor are itio-unted 

14 on the same catheter. 
15 

16 19. ApparatTis as claimed in a.ny one of claim, s 12- 

17 18/ whearein the pH sensor is connected t o a pH 

18 recorder. 
19 

20 20. The use of a pH sensor d.evice for the 

21 determination of the presence or the sev^erity 

22 of isch.aemia and typicaL ly Acute Compart-ment 

23 Syndrome. 
24 

2 5 21. The use of a pH sensor cSLevice according to 

26 claim 2 0, wherein the ischaemia involves Acute 

2 7 Compartment Syndrome . 
28 

2^ 22. A method of determining information concerning 

3 0 the coradition of soft tissue, the methoca. 

31, comprising the steps of inserting a pH sensor 
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1 into the soft tissue and measuaring the pH in 

2 the tissue. 
3 

4 23 . A method of measuring intracomi>artmental pH, 

5 including the step of inserting a pH sensor 

6 directly into a muscle. 
7 

8 
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